Background {#Sec1}
==========

Human scalp hair is a biological composite material comprised of two main parts: follicles under the dermis and the hair fiber shaft above the skin surface. The hair fiber shaft is mostly composed of keratin proteins, lipids, moisture, and mineral elements that are typically bound to amino acids in proteins or fatty acid groups in lipids \[[@CR1], [@CR2]\].

Elemental analysis has shown that hair contains approximately 5% w.t. sulfur. The high sulfur content reflects the high cysteine concentration of scalp hair proteins, enabling disulfide bond formation which confer high tensile strength and elasticity to hair fibers \[[@CR2]\].

Calcium, magnesium, zinc, and copper are essential elements in bone, as they help to increase bone strength via interactions with more than 300 enzymes \[[@CR3]\]. These elements are also highly abundant in scalp hair. Calcium is the most abundant mineral in the bone and scalp hair.

Calcium ions provided by food pass through the blood, and excess calcium ions are excreted via the renal pathways or deposited in bone and other tissues including blood vessels, hair, and nails. It has been reported that the hair calcium concentration is an indicator of deteriorations in bone metabolism and predictor of coronary artery calcification \[[@CR4]--[@CR6]\]. The relationship between bone mineral density and calcium concentration in the hair is unclear. It is well-established that bone mineral densities increase with age until an organism reaches peak bone mass and then decrease with age \[[@CR7]\]. However, the age and sex dependence of major elements in the hair has yet to be established.

Several previous studies have examined the age- and/or sex-dependence of elements found in human scalp hair \[[@CR8]--[@CR12]\] but have shown inconclusive results because of the 1) wide reference ranges of the elements in hair and 2) lack of a large enough sample size to accurately reflect reference ranges within all age groups from newborns to the elderly. The number of samples in previous studies is too small to draw a statistically significant conclusion \[[@CR8], [@CR11], [@CR12]\], and the study subjects did not include children below the age of 10 years \[[@CR9], [@CR10]\]. A French study published in 1998 included a large number of hair samples (481) collected from age groups ranging from 2 to 83 years \[[@CR13]\]. However, only 3.7% of this population consisted of children less than 10 years of age. The inconclusive nature of these studies originates primarily from the small study sample sizes, which often produce imprecise average value ranges with wide confidence intervals. To compensate for the large reference values in element concentrations in human hair, studies of larger samples sizes are needed to evaluate sex- and age-dependence.

In this study, we evaluated the sex- and age-dependence of major elements in scalp hair from 322 hair samples collected from participants aged 0--89 years, with approximately 20% of the samples collected from children less than 10 years of age.

Methods {#Sec2}
=======

Sample size and age distribution {#Sec3}
--------------------------------

To study the age- and sex- dependence of elements in human hair, the sample size was determined using the G power statistical program by incorporating an effect size of 0.25, significance level α of 0.05, and power of 0.8 with a group of 10. The calculated sample size was 260 subjects. We recruited 30% more hair donors than the calculated sample size. The subjects lived in the southern suburbs of Seoul (Hwaseong, Yongin, and Osan cities in Gyeonggi-do), South Korea. These intertwined cities, which include rural areas, were selected to represent the average Korean living environment. All participants gave informed consent or assent for this study and were compensated for their participation in all assessments. For minors, parental informed consent was obtained. The study was approved by the institutional review board of Eulji University (EUIRB 2017--48). A total of 322 hair samples were collected; the age- and sex-distributions of the hair sample donors are shown in Table [1](#Tab1){ref-type="table"}. Samples were collected from 180 females (55.9%) and 142 males (44.1%) in the sample population. Table 1Age- and sex-distribution of hair sample donorsAge range (years)Number of subjects (N)Percent (%)FemaleMaleTotal0--41414288.705--911283912.1110--141517329.9415--1979164.9720--29218299.0130--3924103410.5640--4935165115.8450--59199288.7060--6979164.9770--791117288.70\> 80165216.52Total180142322100.00

Elemental analysis {#Sec4}
------------------

Hair samples were collected from only healthy men and women who had not dyed, permed, or discolored their hair in the last 3 months. Hair was collected (5--10 cm) as close to the skin of the head as possible using surgical scissors. The hair samples were then cut into 50-mg slices and washed according to International Atomic Energy Agency recommendations \[[@CR14]\]. Specifically, they were rinsed once in acetone, twice in double deionized water, and once more in acetone for 10 min each time \[[@CR14]\]. Fifty-milligram portions of pretreated hair samples were measured and hydrolyzed for 30 min using nitric acid and hydrogen peroxide in the Mars 6 microwave digestion system (Matthews, NC, USA). The hydrolyzed homogeneous aqueous solutions were diluted and analyzed with an inductively coupled plasma mass spectrometer (Model X series II, Thermo Fisher Scientific, Waltham, MA, USA). All chemicals were of reagent grade and obtained from Sigma Aldrich (St. Louis, MO, USA).

Statistical analysis in this study, including correlation and linear regression analyses, were performed using Minitab® software (Minitab Inc., State College, PA, USA), and sex differences were analyzed using the paired *t*-test.

Results {#Sec5}
=======

The concentrations of the five essential elements in human hair (sulfur, calcium, magnesium, zinc, and copper) are plotted against subject age in Fig. [1](#Fig1){ref-type="fig"}, where the circles represent element concentrations in samples from the female subjects and squares represent those from the male subjects. The age dependence of elements within male and female subjects was analyzed separately, and the solid line indicates the linear regression for the data from female subjects; the broken line represents those of the male subjects. The results of statistical analyses are presented in Table [2](#Tab2){ref-type="table"}. The Pearson coefficient is a measure of the linear correlation between the element concentrations found in hair and age of the hair donor. This correlation shows a value between + 1 and − 1, where + 1 indicates a total positive linear correlation, 0 indicates no linear correlation, and − 1 is a total negative linear correlation. In linear regression analysis, S.E. represents the standard error of regression or absolute measure of the typical distance that the element concentration data falls from the regression line. R^2^ is the relative measure of the percentage of the element concentration variance that the model explains, ranging from 0 to 100%. A higher R-squared value indicates that the data points are closer to the fitted line. Fig. 1Age- and sex-dependence of 5 major elements found in scalp hair (μg/g of hair). Data from male samples are represented by squares, and data from female samples are indicated by circles. The solid line is the least squares fitting result of age-dependence for female subjects (solid line) and for male subjects (broken line). Calcium and magnesium concentrations exhibit strong age- and gender-dependencies, but this dependence is weak for sulfur, zinc, and copper Table 2Statistical analysis of scalp hair element concentrations stratified on sex and ageCorrelation analysisLinear regression analysisElementSexPearson coefficient*p*-valueEquationS. E.R^2^, %SM0.0030.97139,094 + 0.100\*yr814.80.0F−0.1810.01939,160--7.331\*yr954.53.3CaM0.458\<0.001412.1 + 3.272\*yr170.320.9F0.521\<0.001560.9 + 6.915\*yr270.927.2MgM0.447\<0.00139.92 + 0.310\*yr16.6220.0F0.495\<0.00156.33 + 0.651\*yr27.3224.5ZnM0.341\<0.001132.9 + 0.297\*yr21.9211.6F0.0680.378145.7 + 0.067\*yr23.630.5CuM−0.0450.61418.86--0.016\*yr9.4700.2F−0.0770.31824.42--0.037\*yr11.290.6S. E. indicates standard error

Age-dependence of element concentrations in all age subjects {#Sec6}
------------------------------------------------------------

### Sulfur {#Sec7}

The linear regression for sulfur concentration relative to age is shown in Fig. [1](#Fig1){ref-type="fig"} and suggests a slightly negative correlation between age and sulfur concentration in women (solid line) and no age dependence in men (broken line). The R^2^ value (3.3%) for the data from the female subgroup indicates that the age dependence in this subgroup is negligible, which is consistent with the data in males.

### Calcium {#Sec8}

Linear regression analysis for the calcium concentration relative to age is presented in Fig. [1](#Fig1){ref-type="fig"} and suggests that calcium concentrations in female and male samples were strongly related to age. The slope of the regression line for female hair is two-fold greater than that of male hair. Based on this, we hypothesized that the calcium concentration in human hair increases with age in both men and women. However, the Pearson coefficient was approximately 0.5 and the R^2^ values for the linear regressions were 20.9 and 27.2% for men and women, respectively, indicating that only a small portion of the data can be explained by age dependence. Hair calcium concentrations show a large degree of individual variations because of differences in the environment, dietary intake, and health status, in addition to the age and sex, of people.

### Magnesium {#Sec9}

The age dependence of magnesium in human hair was very similar to that of calcium, as shown in Fig. [1](#Fig1){ref-type="fig"}. The magnesium concentration increased with age in both men and women. The age-dependence of magnesium was stronger in female hair than in male hair, similar to the results observed for calcium. Based on these findings, the magnesium concentration in human hair may increase with age in both men and women. However, only 20.0% of the male and 24.5% of the female data were explained by the linear relationship, indicating that individual differences also affected these samples.

### Zinc {#Sec10}

The linear regression analysis for the zinc concentration relative to age is presented in Fig. [1](#Fig1){ref-type="fig"}. The data suggest a slightly increasing trend in the male group, whereas the female grou*p* values remained nearly constant. However, the R^2^ value for the male subgroup indicates that only 11.6% of the data can be explained by the linear relationship.

### Copper {#Sec11}

The results of linear regression analysis of the copper concentration relative to age in Fig. [1](#Fig1){ref-type="fig"} suggests a slightly decreasing trend in copper concentration with age for both male and female samples. The negative Pearson coefficients for copper presented in Table [2](#Tab2){ref-type="table"} confirm these results. However, small Pearson coefficients and nearly zero R^2^ values indicate that there is no correlation between these two variables.

Age-dependence of element concentrations in young subjects {#Sec12}
----------------------------------------------------------

The mineral element concentrations in human hair increased with age, particularly for calcium and magnesium in the lower age groups, and sex-dependent variation of elemental concentrations was observed only in older samples (Fig. [1](#Fig1){ref-type="fig"}). Based on these findings, we stratified the data based on age to evaluate participants under the age of 25 years independently. This under-25 years age group included both male and female subjects. The linear least-squares fitting results of the hair element concentrations for the under-25 years age group are shown in Table [3](#Tab3){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}. Table 3Linear least squares fitting results for hair element concentrations in the under-25 years subgroupElementInterceptSlopeR^2^, %S38,889 (±165)10 (±12)0.2Ca180 (±35.6)29.1 (±2.6)52.8Mg17.1 (±3.8)2.92 (±0.28)49.8Zn112.3 (±5.4)2.19 (±0.40)21.0Cu12.9 (±2.1)0.64 (±0.15)13.5 Fig. 2Age-dependence of 5 major elements found in scalp hair in subjects under 25. The male and female data are combined for the purpose of this analysis. The solid lines represent the linear least-squares regression results

The fitting results indicated no age-dependence for sulfur concentration in hair, confirming the results in the larger sample population. Calcium and magnesium concentrations showed strong age-dependence in subjects under 25 years of age. The linear age-dependence explained nearly half of the differences in subjects up to 25 years of age, regardless of sex. We also observed age-dependence in zinc and copper accumulation, but the linear age-dependence explained only 21.0% and 13. 5% of the data, respectively.

Sex-dependence of element concentrations in subjects of all ages {#Sec13}
----------------------------------------------------------------

The linear regression results of elemental analysis of human hair obtained from both male and female participants are shown in Fig. [1](#Fig1){ref-type="fig"} and indicate strong sex-dependence for both calcium and magnesium concentrations. We further analyzed the sex-dependence of calcium, magnesium, zinc, and copper concentrations in 11 different age groups. Children were divided into 4 age groups (0--4, 5--9, 10--14, and 15--19 years) and adults were divided into 7 age groups (20--29, 30--39, 40--49, 50--59, 60--69, 70--79, and 80--89 years).

### Calcium {#Sec14}

The average calcium concentration in female samples was larger than that in male samples in all age groups except for in the newborn age group (Table [4](#Tab4){ref-type="table"}). Additionally, the average female hair calcium concentration was larger than that of males by more than 50% in all adult age groups, as shown by the F/M ratio in Table [4](#Tab4){ref-type="table"}. The p-value of the  average calcium concentration between the sexes, F/M ratio, significantly decreased with age and was less than 0.01 in all subjects older than 30 years. Thus, the average calcium concentration in hair is at least 50% higher in adult females than in adult males. Table 4Sex-dependence of calcium concentration in human hair (μg/g hair)Age (years)FemaleMaleF/M ratio*p*-valueNumberAverageS.D.NumberAverageS.D.0--32833653191350.890.67575--144269722383981.110.206310--15551181174271191.290.027615--775818596171921.230.016120--1989228975802091.540.015630--23894246105731581.560.000740--36931239166071501.53\<0.000150--17781254105221601.500.007860--1010662397674741.580.000870--101032428166182421.670.004280--15110124786492531.700.0005S.D. indicates standard deviationF/M ratio is the ratio of the female average calcium concentration to the male average calcium concentration

### Magnesium {#Sec15}

The sex-dependence of the magnesium concentration in hair was similar to that observed for calcium (Table [5](#Tab5){ref-type="table"}). The average magnesium concentration in female subjects was higher than that in male subjects in all age groups except for in newborns. Additionally, the average magnesium concentration in female samples was larger than that in males by more than 40% in all adult age groups except for the 50--59-year-old group, as shown by the F/M ratio in Table [5](#Tab5){ref-type="table"}. Differences in the average calcium concentration between sexes were significant (*p* \< 0.005) in all age groups over 30 years of age, except for in the 50--59 years age group. The reason for the aberrantly low F/M ratio and high *p*-value observed in this subgroup for magnesium requires further analysis. Table 5Sex-dependence of magnesium concentration in human hair (μg/g hair)Age (years)FemaleMaleF/M ratio*p*-valueNumberAverageS.D.NumberAverageS.D.0--331.12.6533.77.50.920.67575--1441.69.12233.69.31.240.206310--1553.518.51739.413.51.360.027615--782.521.8961.217.71.350.016120--1988.033.2756.818.21.550.027930--2385.522.11059.99.21.430.001440--3692.925.01655.014.61.69\<0.000150--1775.826.21063.511.91.190.175660--10102.923.7764.89.51.590.001270--1099.442.81656.823.61.750.003180--15108.120.7865.724.71.650.0003S.D. indicates standard deviationF/M ratio is the ratio of the female average calcium concentration to the male average calcium concentration

### Zinc {#Sec16}

The linear regression results for zinc concentration in human hair in male and female subgroups (shown in Fig. [1](#Fig1){ref-type="fig"}) suggest low sex-dependence in the zinc concentration. The comparison of male and female zinc concentrations in various age groups (Table [6](#Tab6){ref-type="table"}) revealed that the difference in zinc concentrations between the male and female subgroups was negligible when the number of subjects in the age group was large enough. Table 6Sex-dependence of zinc concentration in human hair (μg/g hair)Age (years)FemaleMaleF/M ratio*p* valueNumberAverageS.D.NumberAverageS.D.0--3126.053.05110.040.01.150.64185--14116.038.022128.032.00.910.315010--15153.012.017143.019.01.070.090115--7160.016.09143.020.01.120.088020--19151.015.17149.07.61.010.997330--23153.618.910155.217.50.990.536140--36156.714.516150.511.91.040.153350--17153.99.010157.416.00.980.511260--10151.421.57158.011.00.960.452370--10142.024.616146.816.20.970.538180--15139.330.08152.822.10.910.2595S.D. indicates standard deviationF/M ratio is the ratio of the female average calcium concentration to the male average calcium concentration

### Copper {#Sec17}

The linear regression results for copper concentration in human hair in the male and female subgroups (shown in Fig. [1](#Fig1){ref-type="fig"}) suggests that the average copper concentration in the female subgroup was higher than that in the male subgroup for all ages. The average copper concentration of the male subgroup (18.55 ± 4.65, *n* = 142) significantly differed from that of the female subgroup according to the *t*-test (*p*-value \< 0.0001).

This sex-dependence could not be confirmed when the average copper concentrations in the female and male subgroups in specific age groups were compared. The average copper concentration in females was larger than that in males in eight of the 11 age groups, effectively the same in one group, and smaller in two age groups. Additionally, the sex-dependence of copper concentration in human hair was not significant when the subject number was small (*p* \> 0.05) (Table [7](#Tab7){ref-type="table"}). Table 7Sex-dependence of copper concentration in human hair (μg/g hair)Age (years)FemaleMaleF/M ratio*p*-valueNumberAverageS.D.NumberAverageS.D.0--316.610.2512.14.81.370.41725--1419.69.62213.84.51.420.019410--1523.291719.89.81.170.317215--733.114927.912.71.190.453520--1926.711.5720.712.51.290.259830--2321.110.01022.510.70.940.719840--3624.112.11617.59.51.380.059350--1722.510.01025.98.50.870.377160--1027.614.6721.710.81.270.379270--1021.616.41612.55.61.720.050780--1516.65.4816.55.51.000.9669S.D. indicates standard deviationF/M ratio is the ratio of the female average calcium concentration to the male average calcium concentration

Discussion {#Sec18}
==========

The average sulfur concentrations in hair were 39,068 ± 443 and 38,727 ± 402 μg/g in the male and female subgroups, respectively. These values were larger than those reported in a Polish study (33,810 ± 1994 μg/g), but smaller than those reported in a Swedish study (47,700 ± 5400 μg/g) \[[@CR15]\] and Japanese study (43,300 ± 6400 μg/g) \[[@CR15]--[@CR17]\]. This suggests that additional studies are needed to determine if these differences result from ethnic differences in the study populations.

Calcium and magnesium hair concentrations were found to be significantly sex-dependent in the Swedish study \[[@CR15]\], with calcium concentrations in scalp hair of 461 ± 309 μg/g in men and 1040 ± 860 μg/g in women; the magnesium concentrations were 31 ± 20 μg/g in men and 56 ± 42 μg/g in women. They also found no significant differences in sulfur, zinc, and copper concentrations in human scalp hair between the two sexes. These results agree with those of our study in terms of the sex dependence of the concentrations of major elements in human scalp hair.

We demonstrated that the calcium and magnesium concentrations in scalp hair were strongly sex-dependent, particularly in adults over 20 years of age. It is, however, difficult to demonstrate age dependence of element concentrations in scalp hair if the results are not stratified for sex or if the number of samples collected per age group is not large enough. We found that the concentrations of calcium, magnesium, zinc, and copper increased with age in younger subjects (those under 25 years old), as a large number of samples was collected from each age subgroup. Combining this data with the already established concept of bone peak density suggests that mineral element concentrations increase with age in scalp hair, as observed in bone, in younger people.

Conclusions {#Sec19}
===========

We observed significant age- and sex-dependence in the concentrations of major mineral elements in human scalp hair. Increases in the concentrations of calcium, magnesium, zinc, and copper in the scalp hair samples from people up to 25-years-old were significant. Strong sex dependence for both calcium and magnesium concentrations in scalp hair was also detected in study participants over the age of 20 years; both calcium and magnesium were significantly more concentrated in female participants. The concentrations of sulfur, zinc, and copper showed no significant sex-dependence.

ICP MS

:   Inductively coupled plasma mass spectrometry
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